S ubarachnoid hemorrhage (SAH) secondary to a ruptured intracranial aneurysm results in a high rate of mortality with significant disability in approximately half of survivors.
Previous studies investigating risk factors for the development of intracranial aneurysms have typically considered multiple aneurysms as a single cohort. 16, 17, 26, 29, 30 However, there are data to suggest that significant demographic and clinical differences may exist between patients harboring 2 and 3 or more aneurysms. 2, 16, 26 We sought to identify unique factors associated with the presence of multiple intracranial aneurysms.
Methods

Ethics Statement
All study procedures were conducted with approval from the Columbia University Medical Center in accordance with state and federal guidelines.
Patient Population
Patients presenting to the Columbia University Medical Center's neurological ICU (NICU) with aneurysmal SAH were prospectively enrolled as part of the Subarachnoid Hemorrhage Outcomes Project (SHOP) from August 1996 until April 2012. Patients with traumatic or nonaneurysmal SAH were excluded. Patient demographics, medical history, presenting characteristics, and hospital course were collected and reviewed in biweekly research team meetings. After discharge, patients were reassessed via telephone interview or follow-up appointment at 3 and 12 months.
Statistical Analysis
Patients were stratified into cohorts based on the number of aneurysms they harbored (1, 2, and ≥ 3). Patient demographics, medical history, aneurysm size, hospital course, and outcome were analyzed for univariate associations using Fisher's exact, chi-square, and Kruskal-Wallis tests as appropriate. For multivariate analysis, statistically significant predictors with p < 0.05 on single dependent variable logistic comparisons were included in a stepwise backward selection process to generate a final model using the single-aneurysm group as base case for comparison via multinomial logistical regression. Outcomes were defined as inpatient mortality, aneurysm rebleeding, and modified Rankin Scale (mRS) score 6 at discharge and at the 3-and 12-month follow-up time points. Characteristics of patient presentation and hospital assessment included Acute Physiology and Chronic Health Evaluation (APACHE) II score, 19 Hunt and Hess grade, 14 modified Fisher grade,
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time to NICU admission, symptomatic vasospasm, and vasospasm-induced infarction on imaging. Anterior aneurysm location was defined as an aneurysm coming off the internal carotid artery or one of its branches, including the posterior communicating arteries. All statistical analyses were conducted using commercial software (Stata 13, StataCorp).
Results
Population and Aneurysm Characteristics
A total of 1493 patients were enrolled in SHOP during the specified time period. Of the 1277 patients with a confirmed ruptured intracranial aneurysm, 890 (69.7%) had 1 aneurysm and 387 (30.3%) had more than 1 aneurysm. In patients with multiple aneurysms, 267 of 1493 (20.9%) had 2 aneurysms, and 120 of 1493 (9.4%) had 3 or more aneurysms (mean 3.75 aneurysms; range 3-10 aneurysms). The mean body mass index (BMI) was 24.39. The mean BMIs were 23.4, 25.9, and 27.8 for patients with 1, 2, and 3 or more aneurysms, respectively. Obesity was statistically significantly associated with the development of multiple aneurysms (p < 0.001). Further demographic characteristics are shown in Table 1 .
Past Medical History
A history of polycystic kidney disease (PKD) was found in 7 patients: 3 (0.44%) with a single aneurysm, 1 (0.44%) with 2 aneurysms, and 3 (2.94%) with 3 or more aneurysms. A history of PKD was found more frequently in patients with 3 or more aneurysms (p = 0.036). Further medical history characteristics of are presented in Table 1 .
Social and Family History
A total of 690 (54.0%) of 1277 patients had a known family history of a ruptured or unruptured aneurysm. Smoking history was reported in 886 (72.9%) of 1216 patients. A longer history of smoking was associated with developing multiple aneurysms (p = 0.013), while packyears of smoking was not independently significant between the groups (p = 0.98). Further characteristics of social and family history are presented in Table 1 .
Presentation and Clinical Course
The mean APACHE II score was 12.5 (p = 0.294), the modified Fisher grade was 2.4 (p = 0.27), and the Hunt and Hess grade was 2.79 (p = 0.878). The mean delay from onset of hemorrhage to admission to the NICU was 2.4 days (p = 0.147). A total of 113 (8.8%) patients exhibited angiographic vasospasm (p = 0.913), and 141 (11.5%) patients suffered delayed ischemic infarct (p = 0.058) ( Table 2) .
Aneurysms in the anterior circulation only were reported in 715 (81.7%), 211 (79.3%), and 76 (63.3%) patients in each of the aneurysm groups (p < 0.001), indicating a shift toward development of any posterior circulation aneurysms among patients with multiple aneurysms with relative risk ratios (RRRs) of 1.16 (p = 0.383) and 2.59 (p < 0.001) for 2 and 3 or more aneurysms cohorts.
Outcome
There were no differences in rebleeding rate or inpatient mortality between the groups. A total of 121 (9.5%) patients suffered a repeat episode of bleeding (p = 0.64), and 142 (11.1%) patients died during admission (p = 0.37).
Although patients were discharged in similar clinical conditions between the groups (p = 0.549), the mRS score reflected a trend toward faster recovery at 3 months for single-aneurysm patients (p = 0.057), while at 12 months, the recovery of the multiple-aneurysm cohorts matched the single-aneurysm group (p = 0. 
Risk Factors for Multiple Aneurysms
On multivariate multinomial regression analysis using the single-aneurysm cohort as base case, risk factors for patients presenting with 2 aneurysms were female sex (RRR 1.80, p < 0.001), higher BMI (RRR 1.02, p = 0.003), more years of smoking (RRR 1.01, p = 0.004), and black race (RRR 1.83, p = 0.001). The risk factors for patients presenting with 3 or more aneurysms were female sex (RRR 3.10, p < 0.001), higher BMI (RRR 1.03, p < 0.001), aneurysm in the posterior circulation (RRR 2.59, p < 0.001), and black race (RRR 2.15, p = 0.001) ( Table 4) .
Discussion
To our knowledge, we report the largest analysis of risk factors associated with multiple aneurysms and the relationship of these factors with an increasing number of aneurysms. Factors associated with multiple aneurysms include both discrete insults and systemic characteristics, and, based on our data, increasing BMI is associated with the presence of multiple aneurysms in patients presenting with aneurysmal SAH.
Our study found that there were significant differences in the strength of associated factors when considering 1 versus more than 1 aneurysm, including black race, smoking, and BMI. Our data support many past reports of associations with multiple aneurysms while also identifying the novel factor of obesity as a potentially modifiable risk factor for aneurysm development. The most consistently reported associations have been with female sex, older age, and a history of hypertension; a history of cigarette smoking has also been reported. 4, 16, 17, 26 These factors can be considered as either direct insults to the vascular tissue or more systemic predispositions to inflammation or reduced repair function.
Factors Associated With Systemic Inflammation
Only one study has previously investigated the association between adiposity and multiple aneurysms, in which an association with BMI was not found, although a slight trend was noted. 16 In our study, with substantially more patients, we demonstrated an increased risk ratio associated with higher BMI in multivariate analysis. Frequently, patients query neurosurgeons regarding strategies to prevent aneurysm formation or growth, and the list of validated suggestions is pitiably small. If validated in future studies, an association between aneurysm number and adiposity represents a critical finding in that, along with smoking cessation, weight loss could prove to be a viable strategy for prevention of aneurysm formation or progression. The strongest association with BMI was seen in patients with 3 or more aneurysms, consistent with the theory that factors that predispose patients toward inflammation or potentially diminished repair function are associated with the development of large numbers of aneurysms throughout life. Adiposity may be a risk factor for vascular disease beyond the known relationship with metabolic diseases.
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Adipocytes are capable of locally inducing recruitment and activation of inflammatory cells such as macrophages and lymphocytes. 9, 21, 22 This provides a platform for initiating and maintaining systemic inflammatory effects on vascular and endothelial tissue via the secretion of adipocytokines and cytokines. 10, 34, 39 This mechanism has been supported with clinical findings of increased levels of systemic inflammatory markers with higher adiposity. 8 Furthermore, data have demonstrated increased levels of macrophages in unruptured aneurysms and mast cells within ruptured aneurysm tissue. 13, 18 Similar data are available for the proinflammatory effects of female sex as well as a generally higher level of inflammatory markers in multiple versus single aneurysms, potentially explaining the strong association seen in this and past studies on multiple aneurysms. One potential alternative explanation for our findings is that obesity is strongly associated with potentially confounding variables, such as hypertension, hyperlipidemia, and diabetes mellitus. Each of these could potentially provide a direct mechanism of tissue injury in addition to a more general inflammatory propensity and diminished repair function. 3 Each has been previously associated with either intracranial aneurysms 26 or aneurysms outside the cerebrovasculature. 28, 41 In our study, we controlled for history of these conditions as well as use of medications designed to treat them, but direct measures of severity or presence such as hemoglobin A1C levels, low-density lipoprotein levels, or blood pressure parameters were not recorded in inpatients. However, while hypertension was noted in approximately half of our patients, hyperlipidemia and diabetes were much less prevalent and are thus unlikely to explain the association with obesity. Metabolic syndrome may also represent a better marker of the risk for multiple aneurysms, but a lack of waist measurements made comparison with metabolic syndrome as a potential risk factor difficult.
38,42
Taking into account all racial groups, black race has been demonstrated to be a statistically significant risk factor, which may be attributable to underlying genetic predispositions. Hereditary mutations and altered expression of inflammatory and apoptotic genes have increasingly been associated with aneurysm formation. 20, 24, [31] [32] [33] Our study controlled for common socioeconomic differences that may confound this association, such as smoking, illicit drug use, metabolic disarray, and utilization of prescrip- tion drugs, but our data do not control for extent of compliance with standard pharmacological interventions and they do not have the ability directly assess socioeconomic status through household income or geographic location. Ultimately, however, a predisposition to increased levels of systemic inflammatory markers related to vascular disease has been noted in patients of African descent even if the pathogenesis is not genetic in nature.
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Factors Associated With Direct Vascular Tissue Injury
Smoking has been previously associated with both the development of multiple aneurysms and a predisposition toward SAH. 27 Our study supports this association, with the additional distinction that the association was found to be strongest in patients with only 2 aneurysms compared with the single-aneurysm cohort in a time-dependent manner. These patients had a significantly longer smoking history than patients in the other groups. This suggests that, similar to hereditary nonpolyposis colorectal cancer in the colon, smoking results in direct insults to the tissue. However, the direct oxidative injury does not necessarily produce as great a predisposition toward impaired response and repair mechanisms in the affected endothelial and smooth muscle tissue, but simply increases the likelihood of pathology developing due to the increased frequency of oxidative injury. 7, 25 A lack of association with 3 or more aneurysms could suggest a limit to the amount of increased risk of de novo aneurysm formation by direct oxidative injury alone. Instead, the probability of developing 3 or more aneurysms may be more dependent on constant, indirect mechanisms allowing for predisposition to form aneurysm tissue from direct insults.
As noted above, hypertension was found to be equally prevalent in each subgroup (49.3%, 47.7%, and 52.5%). However, a lack of association may be in part due to the fact that direct measurements of blood pressure and the level of control prior to presentation were not recorded, and only the history of hypertension was elicited. Ostergaard and Høg meticulously examined the relationship of blood pressure and number of aneurysms. Patients with 2 or 3 aneurysms were twice as likely to present with persistent in-hospital blood pressures greater than 145/95 mm Hg with signs of left-sided ventricular hypertrophy on electrocardiography, suggesting that persistently elevated pressures contribute to more incidents of vascular injury or propensity toward aneurysmal progression.
26,35
Effect of Multiple Aneurysms on Presentation and Outcome Our data did not find differences in the neurological status on presentation between the different aneurysm cohorts. Given that all patients included in this study presented with SAH, this is understandable, but of note there was no difference in hemorrhage volume or severity of symptoms due to hemorrhage. Patients with multiple aneurysms were not at an increased risk of in-patient mortality or rebleeding. Patient recovery was slightly better for the single-aneurysm group at the 3-month follow-up, but it was not found to be different in long-term assessment at 1 year. This effect was most pronounced among patients undergoing clipping alone, but this did not quite reach significance at 1 year. Rinne et al. compared the outcome of 302 patients with multiple aneurysms and 1012 patients with single aneurysms. They found that 65% of patients with multiple aneurysms and SAH were independent at 1 year. 29 This was compared with a rate of 71% in patients with a single aneurysm, but the statistical comparison of the 2 groups was not reported, and a true difference in outcome has not been universally reported. 4, 15, 22, 29, 40 Major differences in outcome would most likely be due to the morbidity of multiple interventions or further ruptures in cases in which a surgical cure of all aneurysms present is not pursued. This may be supported by Kaminogo et al.'s finding that outcome of patients 70 years and older were less likely to pursue additional surgical treatment for other aneurysms-an independent risk factor for poor outcome-and frequently suffered from more complications when surgery was pursued. 17 A limitation of our study is that nuanced data regarding the details of interventions performed as an inpatient were not collected; information regarding repeat or additional interventions performed after initial discharge was also not collected on follow-up at 3 and 12 months. The lack of these details on follow-up as well as follow-up for longer periods makes a firm stance on this topic contentious.
General Limitations
This is a single-center study that included patients presenting with aneurysmal SAH only, placing our study at risk for selection bias based on the demographics of our geographical location as well as referral patterns. Patients with unruptured multiple aneurysms may have different risk factors that cannot be elicited from our data. Nonetheless, patients at risk for or presenting with hemorrhage are 
Conclusions
Variations in the number of aneurysms present in a single patient may develop from a milieu of discrete, identifiable genetic and environmental factors that increase the risk of aneurysm development potentially via direct tissue insult, general predispositions toward inflammation, or reduced ability to repair injuries. Female sex was found in increasing proportions as the number of aneurysms increases. Similarly, increasing BMI is statistically significantly associated with increased RRR of a greater number of aneurysms. This represents a potential modifiable risk factor that can be used preventatively to reduce aneurysm formation. Environmental factors such as smoking may increase the risk of aneurysms through more insults, but may be most associated with transitions from a single aneurysm to 2 aneurysms.
